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A B S T R A C T

Dual-curing is a processing technology based in the combination of two polymerization processes and the proper
selection of the formulation. This methodology allows the preparation of intermediate materials with tailored
characteristics, which can be viscous-liquids or rubbery solids according to their application. Once applied, the
second stage is performed leading to a high crosslinked network. Usually, different monomers are involved, and
unreacted monomer are still present in the intermediate material. This monomer experiments polymerization
during the second step, but it can drip or be exuded during storage. In the present work, a commercial monomer,
glycidyl methacrylate has been selected, because of the presence in the same molecule of an epoxide group,
which can react with amines in the first stage of the dual-curing, and a methacrylate group that can be thermally
or photochemically homopolymerized to complete the curing process. Diglycidylether of bisphenol A has been
added to obtain a gelled intermediate material. The evolution of both curing steps has been studied by DSC and
FTIR. The stability of the intermediate material has been confirmed and the characteristics of intermediate and
final material have been evaluated by TGA and DMTA.

1. Introduction

Nowadays thermosets are an important type of industrial materials
due to their wide range of applications in several sectors such as coat-
ings [1], automobile [2] or optoelectronic industry [3]. The prepara-
tion of these cross-linked materials involves irreversible curing processes
that must be very well-controlled to produce components with the re-
quired characteristics and shapes. In this field, dual-curing has arisen as
a promising synthetic methodology to obtain thermosets in a well-con-
trolled manner. This procedure consists in two different polymeriza-
tion processes that can take place sequentially or simultaneously and
can be triggered by different stimuli i.e. temperature or UV-light [4].
Sequential dual curing allows to obtain partially cured materials in a
first stage that can be easily stored or just sent for further processing
to obtain a fully cured polymer with higher performance once the sec-
ond polymerization is completed. The characteristics of the intermedi-
ate materials can be modulated and depend on the formulation com-
position which in turn, defines the extension of the first and second
curing stages. The intermediate materials can be viscous liquids, with

adhesive properties, or conformable solid materials, which after per-
forming the second step will be converted into hard thermosets.

The sequentiality and the control of the intermediate characteristics
are based on the selection of the curing reactions, the composition of the
formulation and the tuning of the curing parameters like time or tem-
perature of the process and in some cases the use of an adequate cata-
lyst [5]. Dual-curing processing presents several advanced applications
in shape memory polymers [6–9], adhesive coatings [10,11], lithogra-
phy [9,12], holography [13,14], photopatterning [15] or dental mate-
rials [16] among many others.

To achieve sequential dual curing processes, “click chemistry” is a
great tool because it provides selectivity, great kinetic control, high
yields in mild reaction conditions, and can be performed in air atmos-
phere [17–20]. Among all the possible reactions that are included in
this type of chemistry, one of the most used in the synthesis of ther-
mosets is the epoxy-amine reaction as it can be carried out at low
temperatures in case of using aliphatic amines as curing agents. Many
researchers used this reaction as a first step in dual curing schemes.
Konuray et al. employed a two-stage curing process in which the digly
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cidyl ether of bisphenol A (DGEBA) and an aliphatic amine are in-
volved in the first curing step to synthesize a wide range of intermedi-
ate materials, with different properties depending on the composition
of the formulation, whereas a homopolymerization of the remaining
epoxy groups initiated by a latent imidazole catalyst constituted the sec-
ond stage [21]. Similarly, Morancho et al. described the dual-curing of
off-stoichiometric diethylenetriamine-diglycidyl ether of bisphenol A us-
ing tertiary amine as initiator for high temperature homopolymerization
of the epoxy excess [22]. After the first curing stage, intermediate ma-
terials showed a high latency and could be safely stored for long time,
since in addition of the kinetic control in the initiation of the second
stage, vitrification of the intermediate material helps to improve their
storability, if storage temperatures are lower than the Tg. Furthermore,
the same group also reported a new family of dual-cured thermosets
based on commercial amine-epoxy formulations with two amines of dif-
ferent reactivity and rigidity reaching promising materials for applica-
tions such as adhesives or smart materials [23].

As said, the second curing stage is also a very important step to pro-
duce the fully cured material because it will generate the final network
in the thermoset and subsequently, determine the final characteristics.
This reaction can be activated by UV-light or thermally, depending on
the type of reactive groups and the chemistry involved, having both
processes their advantages and drawbacks. From the point of view of
energy saving and technical easiness, photoirradiation is very advanta-
geous, but its application is reduced to thin layers and flat shapes that
can be fully illuminated without shadowy parts [24]. Thermal activa-
tion is better for thick and complex shaped samples because of its unifor-
mity, but high temperatures in ovens and long curing times are needed.
In addition, vitrification of the final material must be avoided and from
this point of view, thermal activation is more convenient.

Taking all of this into account, in the present article, we report the
preparation and characterization of a new dual-curing system based on
the epoxy and methacrylate groups of a commercially available com-
pound, glycidyl methacrylate (GMA). A stoichiometric epoxy-amine re-
action will be used as the first curing stage and a radical homopoly-
merization of the methacrylate groups in both thermal and UV-curing
conditions as the second curing stage. The addition of DGEBA to the
formulation has also been explored to achieve gelation during the first
step. As far as we know, this dual curing system has not been previously
described in the literature, and the combination of both polymeriza-
tion mechanism can open broad industrial applications. However, Mus-
tata et al. reported the curing of GMA/DGEBA mixtures with adducts of
Diels-Alder reaction of rosin acids derivatives and maleic anhydride, be-
ing the first step the thermal curing of methacrylates and the second, the
reaction of epoxides with acids and anhydrides [25]. The most valuable
advancement of the present study relies on the fact that no unreacted
monomers will be present after the first step avoiding their possible drip-
ping or exudation in the conformation or processing of the intermedi-
ate material, which is a great advantage in its final application. In addi-
tion, this novel curing system has great versatility as different excesses
of diepoxide can be added to modify not only the characteristics of the
intermediate material, but also of the final material. Of course, mono or
multifunctional methacrylates could also be added to the formulation to
adapt the properties of the materials, although in the latter case there
will be unreacted monomer in the intermediate material. Thermal and
photoinitiated homopolymerization of the methacrylate moieties have
been studied in order to compare the characteristics of the final materi-
als.

The evolution of both curing stages, the conversion achieved and the
latency after the first stage have been evaluated by calorimetry and FTIR
spectroscopy and the gelation time during epoxy-amine condensation by
rheology. The materials obtained have been characterized by calorimet-
ric, thermomechanical, and thermogravimetric analyses.

2. Experimental part

2.1. Materials

Glycidyl methacrylate (GMA) was supplied by Miwon. Diethylene-
triamine (DETA, 20.63 g/eq), isophorone diamine (IPDA, 42.58 g/eq),
tris(2-aminoethyl)amine (TREN, 24.37 g/eq) and
2,2-dimethoxy-2-phenylacetophenone (DMPA) were supplied by Sigma
Aldrich and used without further purification. Jeffamine D400 (JEFFA,
115 g/eq) was provided by Huntsman Corporation. Diglycidyl ether
of bisphenol A (DGEBA, 172 g/eq) was supplied by Hexion Specialty
Chemicals and dried in vacuum for 2 h at 80 °C before use and the
peroxidic radical initiator 1,1-di(t-amylperoxy)-cyclohexane (Luperox
531 M60) was kindly supplied by ARKEMA.

2.2. Sample preparation

Formulations of GMA were prepared in 5 mL vials in approximately
1 g batches were 1% w/w of Luperox (to GMA) for thermal acrylate
homopolymerization or 5% w/w of DMPA (to GMA) for photoinitiated
systems were weighted. Then, GMA and the stoichiometric amount of
amine (IPDA, JEFFA, TREN or DETA) was added. The mixtures were vig-
orously and manually stirred at room temperature and then immediately
analysed.

Formulations of GMA with DGEBA were prepared in 5 mL vials in
1–2 g batches were 1% w/w of Luperox (to GMA) and 5% w/w of DMPA
(to GMA) were weighted for thermal and photoinitiated methacrylate
homopolymerization, respectively. Then, DGEBA and the corresponding
amount of GMA were added using the calculated molar ratio between
DGEBA and GMA (nDGEBA/mGMA = 0.4). Finally, the stoichiometric
amount of amine (IPDA, JEFFA, TREN or DETA) was added. The reac-
tive mixtures were homogenised at room temperature by manual stir-
ring and then immediately analysed.

The formulations prepared with only GMA were coded as G_X_Y and
the formulations containing DGEBA as GDG_X_Y, where, in both cases, X
indicates the amine used and Y the initiator selected for the second stage
of the dual process. As an example, GDG_DETA_Lup is a formulation in
which GMA and DGEBA are in the mixture, DETA is the amine used and
the second stage was initiated by 1% w/w of Luperox. Table 1 shows
the composition of the different formulations studied.

Fully cured samples for dynamomechanical (DMA) and thermogravi-
metric (TGA) analyses were prepared in an open mould, with dimen-
sions of 1.5 × 5 × 15 mm3, made of metal and covered with PTFE to
avoid the formation of bubbles and to facilitate the samples release.
The liquid formulations were poured into the mould and kept in an
oven at 45 °C for 4.5 h (stage 1), and cured at 120 °C during 1.5 h and
post-cured at 150 °C and 200 °C during 1 h and 1.5 h, respectively in
the case of Luperox-based compositions, and 1.5 min under UV-light on
both sides for DMPA formulations (stage 2). These curing times were op-
timized according to Fourier transform infrared spectroscopy (FTIR) and
differential scanning calorimetry (DSC). The samples were polished with
sandpaper to obtain uniform final dimensions.

2.3. Characterization techniques

DSC analyses were carried out on a Mettler DSC-821 instruments
calibrated using indium (heat flow calibration) and zinc (temperature
calibration) standards. Samples of approximately 8–10 mg were placed
in aluminium pans with pierced lids and analysed in nitrogen atmos-
phere with a gas flow of 50 cm3/min. Dynamic studies between 30 and
250 °C with heating rate of 10 °C/min were performed to characterize
the curing process and to measure the final glass transition temperature
(Tg). Dynamic curing tests were also performed with heating rates of 2,
5, 10 and 20 °C/min to determine the kinetic parameters. The reaction
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Table 1
Composition of the dual formulations prepared.

Sample GMA (wt%) DGEBA (wt%) IPDA (wt%) JEFFA (wt%) TREN (wt%) DETA (wt%) Lup. (wt%) DMPA (wt%)

G_IPDA_Lup 76.3 – 22.9 – – – 0.8 –
G_JEFFA_Lup 56.6 – – 42.8 – – 0.6 –
G_TREN_Lup 84.6 – – – 14.6 – 0.8 –
GDG_DETA_Lup 43.0 45.3 – – – 11.2 0.5 –
GDG_DETA_DMPA 42.3 44.5 – – – 11.1 – 2.1
G_DETA_Lup 86.5 – – – – 12.6 0.9 –
G_DETA_DMPA 83.6 – – – – 12.2 – 4.2

enthalpy (Δh) was integrated from the calorimetric heat flow signal (dh/
dt) using a straight baseline with help of the STARe software.

The Tgs of the intermediate materials were determined with the fol-
lowing procedure: i) isothermal curing at 45 °C until the first reaction
comes to the end (270 min); ii) dynamic heating from −30 to 250 °C at
10 °C/min.

To monitor the dual-curing process and to quantitatively determine
the degree of curing, a FTIR spectrometer Bruker Vertex 70 with an
attenuated total reflection accessory with thermal control and a di-
amond crystal (Golden Gate Heated Single Reflection Diamond ATR
Specac-Teknokroma) and equipped with a mid-band liquid nitro-
gen-cooled mercury‑cadmium-telluride (MCT) detector was used.
Real-time spectra were collected in absorbance mode with a resolu-
tion of 4 cm−1 in the wavelength range 4000 to 600 cm−1 averaging
20 scans for each spectrum. The first step of the dual-curing process
was conducted at 45 °C. Real-time spectra of the UV photoinitiated 2nd
stage were recorded at the same conditions previously detailed. The
characteristic absorbance peak of the epoxy at 915 cm−1 (epoxy bend-
ing) was used to monitor the conversion of the epoxy group during
the epoxy-amine reaction [26]. The disappearance of the absorbance
peak at 1636 cm−1 corresponding to stretching of the C C bond of
the methacrylate was used to monitor the homopolymerization of this
group (2nd stage) [27]. Absorbance of each scanned sample were nor-
malized with that of the DGEBA's aromatic protons at 1600 cm−1. In the
case of formulations without DGEBA the peak corresponding to the car-
bonyl group of the methacrylate at 1718 cm−1 was taken as the refer-
ence. Epoxy groups conversion (Xepoxy) and methacrylate group conver-
sion (Xmeth) were calculated by Eqs. (1) and (2), respectively

(1)

(2)

where A915 and A915,0 are the normalized absorbances of the epoxy peak
at 915 cm−1 at a given reaction time at the beginning of the curing
process, respectively and A1636 and A1636,0 the normalized absorbances
of the methacrylate peak at 1636 cm−1 at the same given reaction time.

The gelation time was determined using a rheometer AR-G2 (TA In-
struments) equipped with an electrical heated plate device (EHP) and
20 mm parallel plate geometry. The oscillation amplitude was set at
0.2% and the frequencies at 0.5, 1.75 and 3 Hz. Gel point was deter-
mined as the tan δ crossover at the three different frequencies. The evo-
lution of the tan δ was monitored through dynamo-mechanical experi-
ment at 45 °C during 4.5 h.

The thermomechanical properties were evaluated using DMA Q800
(TA Instruments) equipped with a three-point bending clamp. Prismatic
rectangular samples of 1.5 × 5 × 15 mm3 were analysed from 25 to
150 °C at 1 Hz, 0.1% strain and with a heating rate of 3 °C/min.

TGA analyses were carried out with a Mettler Toledo TGA2
thermo-balance. Cured samples, weighting around 10 mg, were de-
graded between 30 and 600 °C at a heating rate of 10 °C/min in N2 at-
mosphere with a flow of 50 cm3/min.

3. Theoretical part

In non-isothermal kinetics of heterogeneous condensed phase reac-
tions, it is usually accepted that the reaction rate is given by Eq. (3)
[28,29].

(3)

where α is the degree of conversion, T temperature, t time, f(α) the dif-
ferential conversion function, R the gas constant, β the linear constant
heating rate β = dT/dt and A and E the pre-exponential factor and the
activation energy given by the Arrhenius equation.

By integrating Eq. (3), in non-isothermal conditions, the integral rate
equation, so-called temperature integral, may be expressed as Eq. (4).

(4)

where g (α) is the integral conversion function.
By using the Coats-Redfern approximation to solve Eq. (4) and con-

sidering that 2RT/E is much lower than 1, the Kissinger-Akahira-Sunose
(KAS) equation (Eq. (5)) may be written [30–32]:

(5)

For each conversion degree, the linear plot of ln (β/T2) versus T−1

enables E and ln [AR/(g(α) E)] to be determined from the slope and
the intercept. Iso-conversional kinetic parameters were obtained in this
work by using Eq. (5). If the reaction model, g(α), is known, the corre-
sponding pre-exponential factor can be calculated for each conversion.
Rearranging Eq. (5), the Coats-Redfern equation can be written as Eq.
(6). [30,33].

(6)

For a given model and heating rate, the linear plot of the left-hand
side of Eq. (6) versus T−1 allowed us to obtain the average activation
energy and average pre-exponential factor from the slope and the in-
tercept. In this study, we chose the kinetic model with an activation
energy similar to that obtained isoconversionally (Eq. (5)) and with a
good correlation coefficient in Eq. (6) (Model Fitting method). The rate
constant k and the reaction rate dα/dt were calculated for each conver-
sion from non-isothermal E, and A data using the Arrhenius equation
and Eq. (3) and the kinetic model, respectively. Integrating Eq. (3) for
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isothermal experiments, we can obtain Eq. (7):

(7)

This equation relates, for each conversion, the temperature and the
time of curing. The constant ln [g(α)/A] is directly related to the value
ln [AR/(g(α) E)] by E/R, which can be deduced from the non-isothermal
adjustment (Eq. (5)), if isothermal and non-isothermal curing take place
in the same conditions. In this work we used ln [AR/(g(α) E)] and E/R
obtained by dynamic experiments and (Eq. (5)) to estimate the time of
curing for both curing stages by using Eq. (7).

4. Results and discussion

4.1. Study of the curing process by calorimetry

With the aim to know the most adequate composition for the
dual-curing process, we firstly studied the epoxy-amine reaction (1st
stage) using GMA with structurally different amines (IPDA, TREN,
JEFFA, and DETA) by means of DSC dynamic studies. Fig. 1 shows the
curing exotherms obtained.

We can observe that the reactions with IPDA and JEFFA start at
higher temperatures than with TREN and DETA. As it has been said,
the thermal dual-curing includes a second stage which consists in a rad-
ical homopolymerization of the GMA methacrylate, which is initiated
when Luperox decompose forming radical species close to 120 °C. Ac-
cordingly, the lower the starting temperature for the epoxy-amine re-
action, the better to get sequentiality in the curing process. Moreover,
the curing exotherms of TREN and DETA formulations are monomodal
which may indicate that side reactions do not take place. Fig. 1 also
shows, for TREN and DETA formulations, that the whole reaction has
been completed between 30 °C and 170 °C and the reaction is fast once
initiated.

Table 2 collects the most characteristic calorimetric data of the
reactions studied in terms of reaction enthalpy (ΔH) and temperature
of the maximum of exothermic peak (Tmax). As we can see, all reac-
tion heats are relatively close to 90–100 kJ/eq, which is the standard
value for an epoxy-amine reaction [34]. We can observe that IPDA re-
leases a higher enthalpy than the other amines, but the peak appears
at high temperature with a shoulder, which could indicate the presence
of a homopolymerization of epoxides. According to these results, both
TREN and DETA could be selected as curing agents for the epoxy-amine
reaction in these formulations. Nevertheless, TREN contains a tertiary

amine that can act as a catalyst for aza-Michael addition between the
methacrylate and the amine itself, hypothesis that we could confirm
by FTIR analysis (Fig. S1). The absorbance peak corresponding to the
double bond of the methacrylate at 1636 cm−1 decreased at the same
time as the peak at 915 cm−1 of the epoxide at 45 °C, suggesting that
the aza-Michael addition was taking place simultaneously with the
epoxy-amine condensation. With these results we selected DETA as the
amine to continue our study.

Once the amine is chosen, the initiator required to perform the sec-
ond step must also be selected. According to Fig. 1 the epoxy-amine
reaction embraces a big range of temperatures so it will be difficult
to obtain a great sequentiality because many thermal radical initia-
tors generate their radicals between 50 and 120 °C. Therefore, an ini-
tiator that releases its radicals at high temperature is needed to pro-
duce the epoxy-amine condensation and the homopolymerization of
the methacrylate as the first and second curing stage, respectively.
Among many thermal radical initiators like di-tert-butyl peroxide (TBP),
2,2′-azobisisobutyronitrile (AIBN), benzoyl peroxide etc. we selected
1,1-di(t-amylperoxy)-cyclohexane (Luperox 531 M60, Luperox or Lup
hereafter) as the thermal radical initiator for the homopolymerization
of the methacrylate moiety of the GMA because it generates radicals at
120 °C [35]. To test this initiator, a dynamic DSC scan was carried out
for the formulation G_DETA_Lup which is shown in Fig. 2.

As it can be seen, the green curve presents a small shoulder at 110 °C
corresponding to the maximum peak of the epoxy-amine condensation
and then a high peak at 120 °C attributable to the homopolymeriza-
tion of the methacrylate groups. Moreover, the global reaction heat was
128.1 kJ/eq., but taking into account that the epoxy-amine reaction re-
leases 87.5 kJ/eq. the second step has 40.6 kJ/eq. which is a little bit
lower than the standards for the methacrylate homopolymerization.

It is worth saying that GMA-amine formulations cannot gel during
the first stage of the dual-curing, due to the monofunctionality of GMA
in the epoxy-amine reaction, so that they produce a viscous liquid in-
termediate. Thus, to get a gelled intermediate material the addition
of DGEBA, with a functionality of two, is necessary to get crosslink-
ing points when amines have reacted. To investigate the amount of
DGEBA needed to get gelation, the theoretical conversion of the epoxy
groups at the gel point, αgel, during the epoxy-amine condensation had
to be calculated assuming the ideal random step-wise reaction, using the
well-known Flory-Stockmayer equation (Eq. (8)) [36,37]:

(8)

Fig. 1. DSC thermograms corresponding to the dynamic curing at 10 °C/min of formulations with GMA and the different amines.
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Table 2
Calorimetric data of the epoxy-amine reaction using different amines.

Sample ΔHepoxy-amine
a (J/g) ΔHepoxy-amine

a (kJ/eq) Tmax
b (°C)

G_JEFFA 292.2 73.1 160.2
G_DETA 496.7 81.0 113.5
G_TREN 504.5 84.0 110.0
G_IPDA 497.5 92.2 134.5
GDG_DETA 478.9 87.5 106.7

a Enthalpy released in the epoxy-amine process by gram of mixture and by equivalent of
epoxy.
b Temperature of the maximum of the exotherm of the epoxy-amine reaction.

where r is the hydrogen amine/epoxy equivalent ratio, ƒ1 the epoxy
monomer functionality and ƒ2 the amine functionality.

With this equation, a ratio of nDGEBA/mGMA = 0.166 was cal-
culated as the lowest to achieve the gelation at 100% of conversion.
Two different possibilities were studied herein: a) a ratio nDGEBA/
mGMA = 0.4, in which gelation will be achieved before full conver-
sion to obtain a conformable solid-intermediate material and b) a ratio
nDGEBA/mGMA = 0, where gelation will not occur and a viscous liq-
uid will be obtained.

Fig. 2 shows that the addition of DGEBA to the formulation accel-
erates the epoxy-amine reaction and a better splitting of both stages is
observed although they are partially overlapped. In this formulation,

the maximum of the epoxy-amine exotherm appears at about 105 °C,
whereas the methacrylate homopolymerization reaches its maximum
at about 120 °C, because of the formation of radicals at this tempera-
ture. As it can be observed in Table 2, in formulations with or with-
out DGEBA, ΔHepoxy-amine and Tmax are very similar, but with a slightly
higher enthalpy and a slightly lower temperature of the maximum for
GDG_DETA, facilitating the separation of the first and the second stages.

Although sequentiality cannot be reached in dynamic scans, it must
be considered that in a technological process, each step of curing re-
quires a different temperature to be completed without overlapping
them. To find out these appropriate temperatures we perform kinetic
studies of both stages separately.

To obtain the kinetic parameters of the epoxy-amine reaction, dy-
namic DSC experiments were performed. Fig. 3a and b show the DSC
thermograms and the plot of the conversion against temperature, respec-
tively for the epoxy-amine reaction of GDG_DETA formulation at dif-
ferent heating rates (2.5, 5, 10 and 20 °C). These formulations did not
contain the radical initiator to suppress acrylate homopolymerization.
In Supporting Information, Fig. S2a and S2b report the same study for
G_DETA formulation.

As it can be observed, the temperature of the maximum of the
exotherm is lower when the heating rate is slower, but in all cases the
reaction heat remains constant with values between 87 and 87.9 kJ/
eq, reaching almost 100% of conversion. The kinetic parameters of
non-isothermal curing for GDG_DETA formulation obtained by DSC ex-
peri

Fig. 2. DSC thermograms corresponding to the dynamic curing at 10 °C/min for GDG_DETA_Lup (red) and G_DETA_Lup (green) formulations. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. a) DSC thermograms for the GDG_DETA formulation at different heating rates and b) degree of conversion versus temperature for the same formulation.
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ments are collected in Table 3 and for G_DETA in Table S1. If we look in
Table 3, it is possible to observe that the activation energy remains rel-
atively constant in the process which indicates that the same mechanism
is maintained in the whole reaction. Moreover, it suggests that a single
kinetic model is needed to describe the curing. Furthermore, the reac-
tion rate increases at low conversions but after reaching a maximum,
decreases, confirming the autocatalytic behaviour of the epoxy-amine
reaction. The hydroxyl groups formed during the epoxy-amine conden-
sation catalyse the ring opening of the epoxides by forming hydro-
gen bonds between hydroxylic protons and the epoxides [38]. More-
over, the theoretical isothermal curing time for the first stage at 45 °C
needed to achieve a 90% of conversion is 279 min, which is very

close to the reaction time in the oven that we obtained experimentally
which was 270 min.

Once the first curing stage has been studied by DSC the character-
ization of the second stage is needed to optimize the global system.
The standard reaction heat for a methacrylate homopolymerization is
around 60 kJ/eq [39,40], and therefore it is important to verify the
heat that the second curing stage releases after the epoxy-amine con-
densation. A dynamic DSC of the intermediate material prepared from
GDG_DETA_Lup formulation, cured in the oven, gave us the Tg reached
and the heat evolved by the homopolymerization while confirming that
the first stage has been completed in the curing conditions determined
by kinetic studies. Fig. 4a shows that the first stage has been com-
pleted giving a flexible solid material with a Tg = 14 °C without the

Table 3
Kinetic parameters from dynamic DSC studies of GDG_DETA formulation.

α
a E b (kJ/mol) ln[AR/g(α)E] (K − 1·min − 1) r c lnA d (min − 1) k e (min − 1) dα/dt f (min − 1) Isothermal time g (min)

0.05 45.5 6.44 0.991 13.77 0.032 0.009 8.52
0.1 47.51 6.66 0.998 14.47 0.031 0.010 14.12
0.15 48.53 6.71 0.999 14.82 0.029 0.014 19.42
0.2 49.20 6.71 0.999 15.05 0.029 0.012 24.63
0.3 50.06 6.66 0.999 15.34 0.028 0.009 35.20
0.4 50.71 6.61 0.999 15.58 0.028 0.008 46.68
0.5 51.40 6.60 0.999 15.83 0.027 0.007 60.44
0.6 52.19 6.62 0.999 16.11 0.027 0.005 78.78
0.7 53.08 6.64 0.999 16.41 0.026 0.003 106.51
0.8 53.91 6.56 0.999 16.68 0.025 0.002 155.46
0.9 55.31 6.48 0.999 17.11 0.022 0.001 279.31

a Conversion degree.
b Activation energy.
c Correlation coefficient.
d Pre-exponential factor calculated using kinetic the autocatalytic model.
e Rate constant calculated by Arrhenius equation.
f Reaction rate calculated by Eq. (3).
g Simulated isothermal time using non-isothermal isoconversional data.

Fig. 4. a) DSC thermogram corresponding to the dynamic curing at 10 °C/min of the intermediate material for the formulation GDG_DETA_Lup, b) DSC thermograms for the second curing
of a G_Lup formulation at different heating rates, c) degree of conversion vs. temperature for the same sample and d) plot of activation energy versus conversion of the 2nd stage.
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possibility to suffer dripping or exudation because no free unreacted
molecules are present in the material. Moreover, we could check that
the reaction heat released by the methacrylate homopolymerization was
41 kJ/eq. This value is lower than that reported, since not all methacry-
late groups in the mixture will react due to topological restrictions, pro-
duced by the short distance between reactive groups in the GMA mole-
cule. In the same way than for the 1st stage we determined the kinetic
parameters by performing DSC experiments at the same heating rates to
fully optimize the curing conditions.

The reaction heat in all the experiments remained relatively constant
with values in the range 42.5–40.7 kJ/eq. Moreover, it can be seen in
Fig. 4c that the conversion at the beginning increases slowly but rapidly
gets higher values in a short range of temperatures, which can be attrib-
uted to the fast propagation once radicals are generated. If we look at
the plot of the activation energy (Fig. 4d) we can see higher values at
low conversions (initiation step) but a decrease when the conversion in-
creases, due to the fact that termination, with a very low activation en-
ergy, begins to occur. The kinetic parameters of non-isothermal curing
for the second stage obtained by DSC dynamic experiments are reported
in Table S2. The higher activation energy of methacrylate homopoly-
merization in comparison to the epoxy-amine condensation puts in evi-
dence the dual nature of the curing process.

The intermediate materials obtained after performing the 1st stage
in the oven were stable at least for 4 days, since the Tg of this material
remained unchanged, such as expected from the stability of the radical
initiator at temperatures lower than 120 °C.

The thermomechanical characterization of this intermediate mater-
ial was done and the obtained DMTA curves are represented in Fig. S3,
where a maximum of tan δ of 23.5 °C and an storage modulus around
50 MPa at room temperature was determined. As expected, the modulus
increases when the second curing stage initiates.

4.2. Study of the curing process by FTIR spectroscopy

DSC provides information of the whole process but not about the
evolution of the chemical reactions that occurs during curing. To get
structural information, FTIR spectroscopy was applied to the isothermal
curing of the reaction mixture. This methodology allows to determine
the progress of the conversion at different reaction times for the func-
tional groups involved in the reaction, taking as reference an invariable

absorption band. In addition, it gives information of the chemical struc-
ture of the network formed. Fig. 5 shows the evolution of the epoxy
bands during the reaction for the GDG_DETA mixture, which corre-
sponds to the first stage of curing.

As it can be clearly seen, at 3400 cm−1 an increase of the peak cor-
responding to the OH groups formed by the ring opening of the epoxide
by the amine is taking place during the whole reaction time, while the
band corresponding to the epoxy groups at 910 cm−1 is declining, until
complete disappearance, leading to the conclusion that the reaction has
been completed during the curing process. Moreover, the band of the
double bond of the methacrylate group at 1636 cm−1 does not suffer any
change, confirming that the methacrylate does not react in these condi-
tions. The small band at 1636 cm−1 attributed to the aromatic signals of
DGEBA is maintained during the curing process and has been used as
internal reference for kinetic studies.

Fig. S4 shows the FTIR conversion plot during isothermal curing at
45 °C (epoxy-amine reaction) for the GDG_DETA sample (blue curve).
We can see that the process starts relatively slowly at this tempera-
ture, which is in accordance with the calorimetric studies (red curve).
The aforementioned autocatalytic character leads to an increased curing
rate. Although the conversion reaches 90% in about 150 min, it takes a
few more minutes to complete the reaction.

FTIR analysis was also applied to evaluate the conversion achieved in
the second step of the curing process in both thermal and photochemical
conditions. Fig. 6 present the FTIR spectra of the cured materials, when
the homopolymerization of acrylates was initiated by Luperox (thermal)
and DMPA (photochemical). The spectrum of the intermediate material
has been added to visualize the changes produced.

After homopolymerization the absorption at 1636 cm−1, correspond-
ing to the C C st. of the methacrylate groups, has completely dis-
appeared in case of GDG_DETA_Luperox formulation after heating at
120 °C, 150 °C and 200 °C during 90 min, 60 min and 90 min respec-
tively indicating a full conversion of these groups and a complete curing.
On the contrary for GDG_DETA_DMPA formulation there is still a small
peak after long irradiation times (1.5 min at room temperature), which
indicates that some methacrylic groups remain unreacted after long ir-
radiation times. This observation leads us to conclude that vitrification
has occurred when irradiating, hindering the achievement of a complete
reaction at these temperature conditions, which will affect the final per-
formance of this thermoset.

Fig. 5. Evolution of FTIR spectra at 45 °C for GDG_DETA monitored during 270 min.
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Fig. 6. FTIR spectra of the intermediate material (blue line) and of the final thermosets obtained in thermal (orange line) or in photochemical conditions (red line). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

4.3. Study of the gelation process by rheology

As mentioned before, the addition of DGEBA to the GMA formula-
tion enables the system to achieve the gelation during the 1st stage. At
the gelation point there is a change of liquid to solid behaviour and the
gelled material can be processed by different manufacturing processes
like, for example, compression moulding.

To determine the gel time, rheology is the best methodology among
those used. Rheometric measurements were carried out for G_DETA and
GDG_DETA formulations to compare the behaviour of both composi-
tions and to find out the gelation time of the latter. Fig. 7 shows the
plot of tan δ vs. time for GDG_DETA formulation at three different fre-
quencies. The point at which the three tan δ intersect corresponds to
the gelation time, which was 88 min at 45 °C. Fig. S5 shows the same
graph for the G_DETA formulation in which we can see that the tan δ

Fig. 7. Evolution at 45 °C of tan δ vs. time at three different frequencies for GDG_DETA formulation.
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curves do not intersect at any point in the whole process indicating that
no gelation occurs and, consequently, a viscous liquid will be obtained
as the intermediate material, which can be applied on surfaces as adhe-
sive or coating. Both intermediate materials will improve their mechan-
ical performance once the 2nd stage has been completed.

Rheological experiments by themselves do not allow to determine
the conversion at the gelation for the GDG_DETA formulation, but this
value can be calculated from the conversion evolution obtained by
isothermal DSC or FTIR at 45 °C for 4.5 h (Fig. S4). In this figure it is
possible to see that at 88 min the epoxy group has reached a conversion
of about 70%, which fits quite well with the (αgeltheor) calculated by Eq.
(8), 75%.

4.4. Thermogravimetric and dynamo mechanical analysis of the thermosets

The thermal stability of the cured materials was studied by thermo-
gravimetry (TGA). Fig. 8 shows the TGA curves and their derivatives for
all the thermosets prepared. Table 4 collects the most significant data
extracted.

It can be observed that the shape of the degradation curves is sim-
ilar for all the materials and takes place in two main steps. The pres-
ence of DGEBA slightly increases the temperature of initial degradation
(taken as T5%) and the thermosets obtained thermally show a higher
stability, because of their higher crosslinked character. The first stage

Fig. 8. TGA and DTGA curves for all the thermosets prepared in thermal and photochemical conditions in N2 atmosphere.

Table 4
Thermogravimetric and thermomechanical data of the thermosets prepared.

Sample T5%
a (°C) Tmax

b (°C) Char Yield c (°C) Ttan δ
d (°C) E'glassy

e (MPa) E'rubbery
f (MPa)

GDG_DETA_Lup 307.3 368.5/412.8 10.3 168.4 3209 199.6
G_DETA_Lup 295.0 362.1/406.7 9.0 127.7 – –
GDG_DETA_DMPA 297.9 366.7/411.5 9.7 100.7 3541 78.3
G_DETA_DMPA 261.2 354.6/405.9 9.1 97.8 – –

a Temperature of 5% of weight loss.
b Temperature of the maximum rate of degradation of the two main steps.
c Char residue at 600 °C.
d Temperature at the maximum of tan δ peak at 1 Hz.
e Glassy storage modulus determined by DMTA.
f Rubbery storage modulus determined by DMTA.

Fig. 9. Evolution of tan δ and storage modulus against temperature of GDG_DETA_Lup and GDG_DETA_DMPA thermosets.

9



UN
CO

RR
EC

TE
D

PR
OO

F

A. Roig et al. Reactive and Functional Polymers xxx (xxxx) xxx-xxx

at the temperature range of 270–370 °C can be assigned to the degrada-
tion of the poly(hydroxy-amine) network because of the high content of
labile C N bonds. The second step between 390 and 430 °C can be re-
lated to the poly(methacrylate) breakage [41]. The presence of aromatic
moieties in the DGEBA containing thermosets leads to a slightly higher
char yield.

The thermomechanical behaviour of both materials prepared was
evaluated by DMTA analyses. Fig. 9 presents the tan δ curves as well
as the storage modulus obtained for GDG_DETA_Lup and GDG_DE-
TA_DMPA cured materials and the most representative data are collected
in Table 4. The cured materials without DGEBA result in brittle and
defective samples and the moduli could not be determined accurately
enough (because the non-uniform dimensions) so they are not shown.

As we can see, the glassy moduli are similar and high for thermally
and photochemically cured thermosets indicating the high rigidity of
these materials at room temperature. The temperature at the tan δ peak
is related to the glass transition temperature of the materials, and if we
compare both values, we can observe a big difference of about 70 °C
between them. This difference can be attributed to the vitrification of
GDG_DETA_DMPA that takes place during UV-curing, since the temper-
ature of curing is lower than its Tg. Due to vitrification, the photo-cured
formulation is only partially cured, as we saw by FTIR, with lower
crosslinking density, which is also reflected by its lower modulus in the
rubbery state.

5. Conclusions

In this work, a new dual-cure system has been developed based on
the joint presence of epoxy and methacrylate groups in a commercially
available compound, glycidyl methacrylate. The first curing stage is a
stoichiometric epoxy-amine condensation with the addition or not of
DGEBA and the second, a free radical polymerization of methacrylate
groups, thermally or UV-initiated.

The curing kinetics of both thermally induced stages have been stud-
ied by non-isothermal isoconversional analysis using DSC and monitored
by real time FTIR analysis. Although dynamic DSC studies on complete
formulations show that epoxy-amine and methacrylate homopolymer-
ization processes occur overlapped, an adequate temperature has been
found to perform a sequential curing with two well-differentiated steps,
with the formation of a stable intermediate material. Depending on the
radical initiator selected for the formulation, the second stage can be
carried out in thermal or photochemical conditions.

The intermediate materials can be a deformable rubbery solid or a
viscous liquid, depending on the addition or not of diglycidylether of
bisphenol A to the reactive formulation. They have high stability and no
dripping or exudation will take place as no unreacted monomers are pre-
sent. The appropriate selection of the formulation composition allows to
tailor the characteristics of the intermediate and final materials.

The final thermosets have a high glassy storage modulus which indi-
cates their high rigidity at room temperature. Thermally cured materi-
als have a higher glass transition temperature and crosslink density than
the photo-cured ones, due to the vitrification of the latter. Despite this,
the glass transition temperature exhibited by UV-cured material is high
enough for most applications of interest. All these above-mentioned fea-
tures together with the great thermal stability of the prepared materials
open the possibility of working with them in applications that require
high temperatures.
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